Abstract. Acetaminophen (APAP) is a widely available antipyretic and analgesic; however, overdose of the drug inflicts severe damage to the liver. It is well established that the hepatotoxicity of APAP is initiated by formation of a reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which can be detoxified by conjugation with reduced glutathione (GSH), a typical antioxidant. We recently found that the blood mRNA expression level of glutathione peroxidase 3 (Gpx3), which catalyzes the oxidation of GSH, is associated with the extent of APAP-induced hepatotoxicity in mice. The present study was carried out to determine the in vivo and in vitro role of GPx3 in APAP-induced hepatotoxicity. In in vivo experiments, oral administration of APAP to mice induced liver injury. Such liver injury was greater in males than in females, although no gender difference in the plasma concentration of APAP was found. Female mice had a 2-fold higher expression of Gpx3 mRNA and higher plasma GPx activity than male mice. 17β-estradiol, a major female hormone, decreased APAP-induced hepatotoxicity and increased both the expression of blood Gpx3 mRNA and plasma GPx activity, suggesting that the cytoprotective action of this hormone is mediated by the increase in GPx3. To further clarify the role of GPx3 in APAP-induced hepatotoxicity, we evaluated the effect of a change in cellular GPx3 expression resulting from transfection of either siRNA-GPx3 or a GPx3 expression vector on NAPQI-induced cellular injury (as assessed by a tetrazolium assay) in in vitro experiments using heterogeneous cultured human cell lines (Huh-7 or K562). NAPQI-induced cell death was reduced by increased GPx3 and was enhanced by decreased GPx3. These results suggest that GPx3 is an important factor for inhibition of APAP-induced hepatotoxicity both in vivo and in vitro. To our knowledge, this is the first report to show a hepatoprotective role of cellular GPx3 against APAP-induced liver damage.
Introduction
Reduced glutathione (GSH) and its related enzymes constitute the key antioxidant system in the body for counteraction of oxidative stress injury (1) . Among these enzymes, glutathione peroxidase (GPx) and its eight GPx isozymes (GPx1-8) that have been identified to date in mammals (2) can detoxify reactive oxygen species (ROS), including hydrogen peroxide and free radicals, in the presence of GSH. GPx3, which accounts for more than 97% of all plasma selenium in mice (3) , has been shown to be upregulated in alcohol-induced hepatic injury to protect the liver from oxidative stress (4) . According to a study on GPx gender differences, both GPx activities and GPx3 concentrations in serum are higher in females than in males (5) .
Acetaminophen (APAP) is a widely available antipyretic and analgesic drug; however, its overdose can inflict severe damage on the liver by formation of its reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI). NAPQI can usually be detoxified by GSH, but its excess causes depletion of GSH, leading to production of ROS, and hence liver injury (6) . It is noteworthy that males are more susceptible to APAP-induced liver injury than females, suggesting the resistance of females to APAP hepatotoxicity (7) (8) (9) (10) (11) (12) . This difference between genders is likely to be due to gender-dependent activities of GPx in mouse liver (13) , although the involvement of gender differences in the levels and/or activities of other antioxidant-related enzymes, such as glutathione-S-transferase π (7) and glutamate-cysteine ligase (8) , cannot be ignored. Indeed, animals overexpressing plasma GPx have strong resistance to APAP-induced hepatotoxicity (13) . We have recently shown in mice that, among isozymes of GPx, the degree of APAP-induced hepatotoxicity depends on the mRNA expression levels of GPx3 in the blood (14) . This finding therefore raises the question as to whether the gender difference in the GPx3 level contributes to the difference in APAP-induced hepatotoxicity between genders. In association with the resistance to APAP in females, 17β-estradiol, a major female hormone, specifically attenuates acute hepatic damage and decreases mortality in APAP-overdosed male mice (15) . Expression of the GPx3 gene is sensitive to circulating estrogens in skeletal muscle (16) . A second question, therefore, is whether the hepatoprotective action of 17β-estradiol on APAP toxicity is mediated by increased synthesis of GPx3.
To answer these questions, the present study was carried out to determine the role of the GPx3 protein in APAP-induced hepatotoxicity in vivo and in vitro. In in vivo experiments in mice, we examined whether the degree of the GPx3 level accounts for the gender differences in APAP-induced hepatic injury, and whether GPx3 mediates the 17β-estradiol reduction in APAP-induced hepatotoxicity. In in vitro experiments, to better clarify the role of cellular GPx3 in APAP-induced injury, we evaluated NAPQI-induced cellular injury when cellular GPx3 expression was altered by either transfected GPx3 siRNA or a transfected GPx3 expression vector.
Materials and methods
Animals and chemicals. Four-week-old adult male or female ddY mice (20-25 g) were obtained from Japan SLC Inc. (Hamamatsu, Japan). The animals were maintained on a 12-h light/dark cycle in a temperature-and humidity-controlled room. The experiments were conducted in accordance with the standards established by the Japanese Pharmacological Society and were approved by the Tohoku Medical and Pharmaceutical University of Institutional Animal Care and Use Committee (experimental no. 16014). The animals were allowed free access to laboratory pellet chow (CE-2; Clea Japan, Inc., Tokyo, Japan) and water before the experiments. APAP was purchased from Junsei Chemical Co., Ltd. (Nagano, Japan). 17β-estradiol was obtained from Sigma Chemical Co. (St. Louis, MO, USA). NAPQI was purchased from Toronto Research Chemicals Inc. (Toronto, Canada). All other reagents, unless stated, were of the highest grade available and were supplied by either Sigma or Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay.
The expression levels of mRNA were quantified using RT-qPCR according to our previously described methods (14) . The animals were acclimated for 5-7 days prior to a pre-dose blood draw. Blood was drawn from the tail vein of each mouse into tubes containing 1 mM EDTA as an anticoagulant. Total RNA was isolated using the ISOGEN reagent (Nippon Gene Co., Ltd., Tokyo, Japan), and RNA concentrations were determined using the NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA from each sample (0.1 µg) was reverse transcribed into single-stranded cDNA using the ReverTra Ace kit (Toyobo Co., Ltd., Osaka, Japan). Aliquots of the resulting cDNA preparations were then subjected to qPCR analysis using the KOD SYBR ® qPCR Mix (Toyobo Co., Ltd.). A CFX Connect ™ Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to determine mRNA expression levels of the GPx3 gene (GenBank accession no. NM_008161.3). The mRNA level was normalized against that of the GAPDH-encoding locus (GenBank accession no. NM_001289726). The sequences of the primer pairs used were obtained from the Takara Perfect Real Time Primers (Takara Bio, Shiga, Japan). The results of all assays were checked against melting curves in order to confirm the presence of single PCR products. At least two independent experiments were conducted and samples were assessed in (at least) triplicate in each experiment.
APAP hepatotoxicity and plasma concentration. Mice were orally administered (p.o.) APAP (500 mg/kg in 10 ml/kg saline) at 18:00 h, and blood was collected 18 h later for determination of the serum activity of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using a colorimetric kit (Wako, Tokyo, Japan) as described in our previous reports (17, 18) . Male mice were pretreated with 17β-estradiol at a dose of 0.2 mg/kg that was administered by intraperitoneal (i.p.) injection 4 h before treatment with APAP. The plasma concentration of APAP was measured using a modification of the method of Hori et al (19) . Briefly, an aliquot (100 µl) of plasma was diluted with an equal volume of 0.2 M Na 2 HPO 4 and 0.1 M citric acid buffer (pH 3.0), and the mixture then was combined with 300 µl of ethyl acetate. The resulting samples were centrifuged at 3,000 x g for 5 min and the upper layer was retained and the lower layer was discarded. After the removal of solvents by evaporation under nitrogen gas, the sample was dissolved in 100 µl of the mobile phase (methanol and 1 N acetic acid at a 70:30 ratio, v/v), and injected into a high-performance liquid chromatography system consisting of an Alliance 2695 Separations Module (Waters, Milford, MA, USA). The flow rate was kept constant at a rate of 0.4 ml/min, and peaks were monitored at a wavelength of 254 nm for 10 min. The concentration of APAP was calculated using an APAP standard curve.
GPx activity. Mouse plasma GPx was measured using a Glutathione Peroxidase Assay kit (catalog no. 703102; Cayman Chemical Co., Ann Arbor, MI, USA). The plasma samples were collected from a cut of the tail vein on the day before APAP treatment. The GPx level in each plasma sample (20 µl) was analyzed according to the protocol supplied by the manufacturer of the kit.
Cell culture. The Huh-7 human liver cancer cell line and the K562 human erythroleukemia cell line were supplied by the Cell Resource Center for Biomedical Research, Tohoku University (Sendai, Japan). The cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin G, and 100 µg/ml streptomycin at 37˚C in a humidified 5% CO 2 -95% air incubator under standard conditions. The cells were counted, excluding cells stained with 0.2% Trypan blue. To maintain exponential growth, cells were seeded at a density of 5x10 4 cells/ml and were passaged every 3-4 days. Cells were cultured in 2 ml aliquots in 35-mm dishes for other assays.
Cell survival assay. Cellular survival was assessed using the water-soluble tetrazolium WST-1 (sodium 5-(2,4-disulfophe nyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2H tetrazolium inner salt) assay, which detects metabolically competent cells with an intact mitochondrial electron transport chain (20) . Briefly, 1x10 4 cells were seeded into 96-well plates and cultured overnight. The cells were incubated with NAPQI for the indicated times, and medium containing the WST-1 solution (0.5 mM WST-1 and 0.02 mM 1-methoxy-5-methylphenazinium methylsulfate; 1-PMS) was added to each well. The cells were incubated for 60 min at 37˚C, and absorption at a wavelength of 438 nm (ref. 620 nm) was measured using a SH-1200 Microplate Reader ® (Corona, Hitachinaka, Japan). Control cells were treated with 0.1% DMSO. Cell viability was calculated using the following formula: Absorbance in the treated sample/absorbance in the control x100 (%).
GPx3 knockdown. siRNA-GPx3 (siGPx3) and siRNA-control [non-targeting siRNA; negative control (Neg)] were transfected into Huh-7 or K562 cells using HyperFect transfection reagent (Qiagen, Inc., Valencia, CA, USA) according to the protocol supplied by the manufacturer. A non-targeting siRNA was used as a control for the non-sequence-specific effects of the transfected siRNAs. The siRNAs used were siGPx3, a Silencer ® Select Pre-designed siRNA Product (ID no. s6109; Ambion, Austin, TX, USA), and negative control siRNA from AllStars Neg. Control siRNA (ID no. AM4611; Qiagen, Inc.). Briefly, 5x10 4 cells containing each siRNA (final concentration, 10 nM) and the HyperFect reagent were incubated for 24 h for assessment of GPx3 expression or cytotoxic effects induced by NAPQI.
GPx3 overexpression. The cells were transfected with a GFP-tagged ORF clone of GPx3 cloned into a pCMV6-AC-GFP vector (OriGene Technologies, Inc., Rockville, MD, USA). Plasmid DNA was transfected into Huh-7 or K562 cells using ViaFect™ Transfection Reagent (Promega Corp., Madison, WI, USA) and the Neon ™ Transfection System (Invitrogen Life Technologies, Carlsbad, CA, USA), respectively, according to the instructions provided by the manufacturer. The presence of the transfected vector in the cells was confirmed by fluorescence microscopic observation (488 nm, GFP fluorescence) as previously described (21) .
Western blot analysis. The cells were washed with phosphate buffered saline (PBS) and lysed in CelLytic M ® (Sigma-Aldrich, St. Louis, MO, USA) to collect a total cell lysate according to the manufacturer's instructions. Protein concentration was measured using the BCA ™ protein assay kit (Thermo Fisher Scientific, Inc., Rockford, IL, USA) according to the instructions provided by the manufacturer. Following electrophoreses of protein samples (30 µg) on a 10% SDS-polyacrylamide gel, the protein was transferred to a polyvinylidene difluoride membrane. The membrane was blocked with Blocking One ® (Nacalai Tesque, Inc., Kyoto, Japan) for 1 h and then incubated with a primary antibody overnight at 4˚C. Antibodies against human GPx3 (mouse monoclonal; ab27325; Abcam, Cambridge, MA, USA) and against β-actin as the loading control (rabbit polyclonal; #4967; Cell Signaling Technology, Inc., Danvers, MA, USA) were used. The membrane was then washed with wash buffer (PBS containing 0.05% and incubated with horseradish peroxidase-linked secondary antibody [anti-mouse IgG (#7076) or anti-rabbit IgG (#7074); Cell Signaling Technology, Inc.] for 1 h. After another wash with wash buffer, protein signals were analyzed by enhanced chemiluminescence with the Pierce ® Western Blotting substrate (Thermo Fisher Scientific, Inc.).
Statistical analysis. Statistical analysis was performed with two-way analysis of variance, followed by the Bonferroni test to compare among multiple groups. Data are expressed as means ± standard error of the mean (SEM). P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using Ekuseru-Toukei 2012 software (Social Survey Research Information Co., Ltd., Tokyo, Japan).
Results
Female mice are resistant to APAP hepatotoxicity and show a higher GPx3 activity. There was no significant difference in serum activities of AST and ALT, which are markers of liver injury, between male and female mice before APAP treatment. These values were 135±28 KU and 48±8 KU, respectively, in male mice, and 104±18 KU and 38±11 KU, respectively, in female mice. Compared to these basal values, the serum activities of AST and ALT after oral administration of APAP were increased 10-and 31-fold, respectively in male mice, whereas they were only increased 3-and 4-fold, respectively in female mice (Fig. 1A and B) . These results suggested that APAP inflicted damage to the liver of the mice (ddY mice), and that sensitivity to APAP hepatotoxicity was much lower in females than in males. It was noted, however, that the plasma APAP concentration after the treatment was not significantly different between the male and female mice (Fig. 1C) . Female mice also showed a slight but significantly higher activity of plasma GPx (Fig. 1E) , and a 2-fold higher expression of Gpx3 mRNA (Fig. 1D) , relative to the male mice, suggesting higher activity of this antioxidant-related enzyme in females.
17β-estradiol attenuates APAP-induced hepatotoxicity and increases GPx3 in male mice. We examined the effect of 17β-estradiol on APAP-induced hepatotoxicity in male mice. In a preliminary experiment, pretreatment with 17β-estradiol did not influence plasma APAP concentrations (data not shown). As shown in Fig. 2A and B, serum aminotransferase activities in the group treated with a combination of 17β-estradiol and APAP were much lower than those in the group treated with APAP alone, suggesting a protective action of 17β-estradiol against APAP-induced hepatotoxicity. The blood level of Gpx3 mRNA expression was approximately 2-fold higher (Fig. 2C ) and the activities of GPx in plasma were marginally significantly elevated (Fig. 2D) in the 17β-estradiol-treated group compared with the control group, suggesting that 17β-estradiol enhances the activities of the antioxidant-related enzyme in males.
NAPQI-induced reduction in cell survival is affected by cellular GPx3 expression.
To determine the effects of GPx3 on APAP-induced toxicity at the cellular level, in vitro experiments were performed with heterogeneous cultured human cell lines (the human hepatoma Huh-7 cells and the human erythroleukemia K562 cells). The extent of cell injury in response to various concentrations of NAPQI, as judged by analysis of cell survival, is shown in Fig. 3A and B. NAPQI reduced the survival of both Huh-7 and K562 cell lines in a concentration-and time-dependent manner. The amount of NAPQI required to inhibit cell survival was higher in the Huh-7 cells than this amount in the K562 cells; e.g., the 50% inhibitory concentrations (IC 50 ) at 72 h of incubation were calculated as 35.5 and 5.4 µM, respectively, indicating that the NAPQI sensitivity was 6.6-fold lower in Huh-7 cells than that noted in the K562 cells.
We next examined the potential role of GPx3 in these effects of NAPQI by analysis of the effect of changes in cellular GPx3 expression brought about by transfection of siGPx3 or a GPx3 expression vector on the NAPQI-induced reduction of cell survival in the Huh-7 (Fig. 4) or K562 (Fig. 5) cell line.
After transfection of Huh-7 and K562 cells with siGPx3 for 24 h, the expression level of GPx3 was barely detectable in either cell line compared to the control (non-transfected) group. The knockdown efficacy of GPx3 mRNA was estimated to be >99% by RT-qPCR. The expression levels of GPx3 in the GPx3 vector-transfected group were 1.7-fold and 2.3-fold higher in the Huh-7 and K562 cells, respectively, than that in the respective non-transfected control group (Figs. 4A and 5A ). In the non-transfected control Huh-7 group, incubation (for 48 h) with NAPQI reduced cell survival to 97, 94, 88, 28, and 6% of the control at a concentration of 10, 25, 50, 100, and 250 µM, respectively (Fig. 4B) . In the non-transfected control K562 group, incubation (for 48 h) with NAPQI reduced cell survival to 94, 89, 65, and 20% of the control at a concentration of 1, 3, 10, and 30 µM of NAPQI, respectively (Fig. 5B) . The reduction in cell survival by NAPQI was potentiated in each siGPx3-transfected group, but was inhibited in each GPx3-transfected group (GPx3 overexpression group) vs. the respective non-treated control in both cell lines (Figs. 4B and 5B) . In a preliminary experiment, neither transfection with control siRNA nor with vector alone affected cell survival of either cell line at incubation times of 72 h or shorter. These results suggested that GPx3 has a protective role against NAPQI-induced cellular injury in both Huh-7 and K562 cells.
Discussion
The present study demonstrated that APAP caused liver injury in vivo, as assessed by increases in serum AST and ALT levels in ddY mice, and that females were less sensitive to APAP hepatotoxicity than males (Fig. 1) . Resistance of females to APAP-induced hepatotoxicity has also been observed in another mouse species, C57BL/6 mice (7,9,10). These findings suggest that APAP induces gender-dependent but species-independent liver injury in mice. It is well established that there is a gender difference in the activities of liver metabolic enzymes, which are involved in metabolism and excretion of drugs. However, the gender difference in APAP-induced hepatotoxicity is not likely to be due to a difference in metabolism and excretion of this drug, since the concentrations of free APAP in bile, urine, or serum were not reported to be different between male and female mice (7) . We also confirmed that there was no difference in the plasma concentration of APAP between genders. It is unlikely, therefore, that the resistance to APAP-induced hepatotoxicity in females is due to the difference in APAP pharmacokinetics between genders.
It is well established that APAP hepatotoxicity is initiated by the formation of NAPQI, which causes depletion of GSH, leading to production of ROS, and hence hepatic injury. Some previous reports have indicated that the activity of glutamate-cysteine ligase, a rate-limiting enzyme in GSH synthesis, is higher in female mice than in male mice, and therefore early recovery of hepatic GSH may confer resistance to APAP-induced liver injury. These findings suggest that gender differences in APAP hepatotoxicity can be attributed to the activity of glutamate-cysteine ligase (8) (9) (10) (11) . Other reports have shown that GSH amount or GSH-related enzymatic activity in mouse liver is involved in the gender difference in APAP hepatotoxicity (7, 8) . The analysis of blood samples in the present study demonstrated that both blood GPx3 mRNA expression and plasma GPx activity (i.e., GPx3 activity) were higher in female mice than in male mice. Since GPx3 can protect some tissues including liver from oxidative stress by ROS, the resistance to APAP toxicity observed in female mice is thought to be due, at least in part, to higher GPx3 activity. These data suggested that endogenous estrogens may play a role in the resistance to APAP toxicity and the increased activity of GPx that was observed in female mice. In an in vivo experiment, we found that treatment of male mice with 17β-estradiol, which is one of the most active estrogens, markedly inhibited the APAP-induced increases in serum AST and ALT, and increased both Gpx3 mRNA expression and plasma GPx activity vs. the non-treated control mice. These data (Fig. 2) were comparable to those in female mice (Fig. 1) . These findings strongly suggested that higher activity of GPx3 contributes to the beneficial action of 17β-estradiol and to the resistance of females against APAP hepatotoxicity. Another study demonstrated that 17β-estradiol is capable of attenuating APAP toxicity without a change in normal GSH levels in male liver (15) . Thus, 17β-estradiol can protect the liver from APAP-induced toxicity, and the antioxidant activity of estrogen is attributed to its effect on powerful antioxidant enzymes in the whole body.
It should be noted, however, that estrogens exert antioxidant actions through a variety of mechanisms; they both reduce the production of ROS and upregulate a number of cellular antioxidative defense molecules (22) (23) (24) . The antioxidant potency of estrogens, which is shared with other phenolic agents, is thought to be due to the presence of a benzene ring that scavenges hydroxyl radicals (25) . On the other hand, the antioxidant effect of estrogens on rat hepatocytes is not dependent on the chemical structure of the estrogens per se, but rather on their hormonal effects (26) . Within the cell, estrogens bind to their membrane-bound receptors, activate the MAP kinase-NFκB pathway, and increase transcription of antioxidant enzymes, especially GPx and superoxide dismutase (SOD) 2 (27) . In addition, the activity of certain antioxidant enzymes including GPx is increased in lymphocytes treated with estrogen and its receptor agonists (28) . These findings in biochemical and immune fields support the effect of estrogen to enhance the activity of antioxidant enzymes. Thus, the antioxidant effect of estrogens is likely to be due to both direct and indirect protective activities against ROS, although the detailed mechanisms remain unclear.
Intracellular overexpression of GPx can detoxify the final products of oxidative stress and is more efficient in protecting cells in vitro against ROS than SOD or catalase (29) . To clarify the role of GPx in cell damage induced by NAPQI in vitro, we investigated whether NAPQI-induced cell death is altered by a change in cellular GPx3 expression brought about by transfection of either siGPx3 or a GPx3 expression vector into Huh-7 or K562 cells (Figs. 4 and 5) . These experiments showed that NAPQI-induced cell death was reduced by increased GPx3 expression and was enhanced by decreased GPx3 expression, suggesting a crucial role for intracellular GPx in preventing the oxidative stress induced by NAPQI. The role of GPx in APAP-induced hepatotoxicity could be further clarified by analysis using knock-out mice of GPx. However, we did not perform this analysis, as there is no available knock-out in mouse strain (ddY) used in the present study. There is also previous evidence that shows that the antioxidant action of GPx contributes to inhibition of tumor progression and recurrence. The expression of GPx3 is downregulated within tumor tissues in several types of cancers (30) (31) (32) (33) . In addition, lower amounts of plasma GPx3 is correlated with tumor progression and recurrence in hepatocellular carcinoma (HCC) patients, and overexpression of GPx3 or administration of recombinant GPx3 inhibits the proliferation and invasiveness of HCC cells (34) . In our experiments, there was no significant change in cell growth by transfection of siGPx3 or a GPx3 expression vector during incubation for 72 h after transfection compared to the non-transfected or control-transfected cells. However, longer incubation could possibly change the growth of these transfected cells.
In conclusion, GPx3 is an important factor for inhibition of APAP-induced hepatotoxicity both in vivo and in vitro. To our knowledge, this is the first report to show a hepatoprotective role of cellular GPx3, although there have been many reports of the attenuation of APAP-induced liver injury by antioxidant enzymes. Nevertheless, more studies are required to determine why GPx3 transcription is regulated by estrogen or other factors and to investigate the mechanisms of resistance to APAP toxicity.
